Low-cycle fatigue properties of 30Cr1Mo1V steam turbine rotor steel were studied by RDL05 electronic creep fatigue test machine at 0.1%.s -1 , 0.3%.s -1 , 0.5%.s -1 loading rates applied the total strain controlled method. The results involve that with the loading rate increases at 538 , cyclic stress of the rotor steel increases, and low-cycle fatigue life increases too; in the same strain range values, the increasing loading rate leads to the greater stress amplitude; with the increase of the strain range values, the stress increases and the low-cycle fatigue life decreases. The relationship of stress-strain and the loading rate is 0.06427 0.07735 2051.56 p σ ε ε Δ = Δ , the relationship of low-cycle fatigue life and the loading rate is 0.6147 0.1627 0.11917 0.03156
Due to frequent start-stop or significant load change, turbine during operation, the steam turbine rotor is often in big load fluctuation working state and it is often under rapid heating or cooling caused by all kinds of transient thermal stress and mechanical stress, which causes local plastic deformation and low cycle fatigue and affects the safe operation of the steam turbine. Therefore, studying the effect of loading condition on characteristics of low cycle fatigue of steam turbine rotor is of great importance to the safety, economy, and stability of operation of the unit. Factors which influence the high temperature low cycle fatigue life of the rotor are load, frequency, loading rate and loading waveform (He J.R. 1998), etc. . Considering the influence of these factors, the researchers have studied the low cycle fatigue properties of other materials respectively(Melton1982, Shi X.Q. et al 2000 , Nagesha et al 2002 , Hong Seong-Gu et al 2007 . 30Cr1Mo1V steel is a kind of typical material for our steam turbine high pressure rotor. At present, the researches of the rotor steel mainly focus on high temperature creep properties (Mao X.P.2006) and the influence of temperature on the low cycle fatigue (Li Y.W. et al 1998 , Mao X.P. et al 2004 , etc.. The effect of the loading rate on 30Cr1Mo1V rotor steel stress strain and low cycle fatigue properties in a simulated turbine operating condition has not been reported. In this paper, experimental results and theoretical correction formula based on the experimental results can provide important guidance for on the study of the strength and service life of steam turbine rotor steel, and even the safe operation of the steam turbine.
The experimental method
The heat-treated 30Cr1Mo1V steam turbine rotor steel was chosen as the raw material in this experiment, its components are as shown in Tab.1. Heat treatment process consists of the following steps: the preliminary heat treatment in which the temperature is at 1010 , air cooling, then furnace cooling after 720 tempering; tempering heat treatment in which 955 air blast cooling then 680 furnace cooling; the stress relieving in which furnace cooling at least 620 . The metallographic structures after heat treatment are made of are made of tempered bainite ferrite. The experiment is made on the RDL05 electronic creep fatigue test machine, the range of extensometer is 25mm and the deformation measurement range is 5 mm. Based on ASTM E606-92 and the national standard "the axial continuous low cycle fatigue test method"(GB/T 15248-94), the Φ6mm uniform cross section cylinders are chosen as samples, the axial total strain control is employed, and tension and compression is symmetrical triangle wave. With the strain range ± 0.4 % ± 1.0% and strain-ratio R=-1, 0.1%.s -1 0.3%.s -1 0.5%.s -1 are elected as the strain rate respectively. The experiment temperature is set at 538 , the temperature fluctuation is ± 2 . The threesection heating furnace is ready for heating. Heat preservation is about 30 min before the experiment. Stress drop to stable cycle of 70% of the peak tensile stress is chosen as the failure Frequency. Fig.1 shows stable cycle hysteretic loop at different loading rates. And it can be seen from Fig.1 that different loading rates result in the different maximum compressive stress of two kinds of hysteresis loop. The Cyclic tensile stress increases accordingly with the increase of loading rate. Fig.2 is the Cycle stress life curves at 1.0% strain amplitude. It can be drawn from Fig.2 that under a certain life frequency circumstance the cyclic stress reaches the maximum when the loading rate is 0.5%.s -1 . The cyclic tensile stress increases accordingly with the increase of loading rate. At 538 , the cyclic stress of 30Cr1Mo1V rotor steel has softening feature along with the life of the rotor steel grades. the change of peak stress with circle life scores can be divided into three stages: softening stage in which the cyclic tensile stress scale begins dropping suddenly, and this stage corresponds to the micro crack initiation stage (Wang J.R.1987) ;stable stage in which the cyclic tensile stress scale changes slowly and this stage corresponds to the micro crack expansion stage; the stage in which the cyclic tensile stress decreases dramatically and this corresponds to the micro crack extending to fracture stage.
Results and Analysis

Effect of loading rate on the cyclic stress characteristics
Effect of loading rate on the cyclic stress strain relations
Through the further experimental study and theoretical analysis, the quantitative relationship of 30Cr1Mo1V steam turbine rotor steel cyclic stress strain and loading rate can be drawn. The relation between the average stress amplitude and plastic strain rate is the plastic flow rule (Solomon HD.1986 )shown as the following:
In this formula, σ Δ is the stress range, p ε Δ is the plastic strain range, p ε is the plastic strain rate.
Since the experiment is total strain-controlled low cycle fatigue experiment, the variation of loading rate can indicate the plastic strain rate change, so loading rate is used to replace plastic strain rate, which is:
A α and β value in 30Cr1Mo1V steam turbine rotor steel relation formula can be obtained through the experiment. Fig.3 shows the Cycle stress-strain log-log curves at different loading rates, in which vertical and horizontal coordinates are taken double numerical value (in order to be understand easily, stress and strain values are marked). It can be seen in Fig.3 that under the same strain, the greater the loading rate is, the greater the stress amplitude; when loading rate is stable, there is a linear relationship between the stress range and the plastic strain range in loglog coordinate. The stress range grows with the increase of the plastic strain. The slope of a straight line is α in formula (2), which can be calculated by data fitting and curve analysis, that is, 0.06427 α = . Fig.4 is about the cycle stress -loading rate log-log curves at different strains. It can be seen that under the same loading rate, the stress amplitude corresponding 1.0% strain reaches the maximum, while the stress amplitude corresponding 0.4% reaches the minimum. The greater the total strain, the more the corresponding stress amplitude. In log-log coordinate, when the plastic strain range is stable, the strain grows with the increase of loading rate, and there is a linear relationship between them. The slope of the straight line is β in formula (2), which can be calculated by data fitting and curve analysis, that is, Since α β are known, they can be put into the right side of formula (2), that is the plastic strain range and loading rate, then by data fitting the calculated value W1(marked in Fig.5 ) and the stress range value, the result is 
Effect of total strain range on low-cycle fatigue life under a certain loading rate
When total strain is under control, Coffiin-Manson formula is used as the calculation formula of low-cycle fatigue life. Due to not taking the operation condition of the loading rate into consideration, this formula can not accurately reflect the relation between low cycle fatigue life and the total strain range under a certain loading rate. Fig.6 is about the change of the low cycle fatigue life under different plastic strain range. The coordinate is the experimental data double logarithmic, points the experimental data and line data fitting. It can be seen from Fig.6 that the low-cycle fatigue life decreases with the growth of the strain amplitude and has the characteristic of linear decrease in log-log coordinate. The slopes of all curves are basically the same under different loading rate, which indicates that the slope has nothing to do with loading rate. Under the same strain amplitude, the higher the loading rate, the longer the low-cycle fatigue, which indicates loading rate obviously affects the low-cycle fatigue life. Fig.7 shows the relation between the low-cycle fatigue life and loading rate under different strain. It can be seen that the low cycle fatigue life increases with the increase of loading rate and has the linear characteristic in loglog coordinate. The slopes of all curves are basically the same under different strains, which indicates that the slope has nothing to do with strain amplitude. The change that the fatigue life of the material under high temperature reduces with the decrease of loading rate mainly results from the time-dependent damage mechanisms at work. Generally speaking, there are mainly two types of time-dependent damage in the high temperature cycle deformation, creep deformation and oxidation (Reuchet et al 1983) . Since 30Cr1Mo1V rotor steel has high temperature strength and creep strength and it can maintain good creep resistance, so in this experiment creep deformation doesn't play decisive role in affecting the fatigue damage, while oxidation is the key factor in restraining the fatigue damage. Under the same strain amplitude in every circle, the longer the time that the material strands at high temperature, the greater the oxidative damage. Therefore, 30Cr1Mo1V steam turbine rotor steel has shorter life under lower loading rate.
When calculating the fatigue life of 30Cr1Mo1V steam turbine rotor steel, the revised Coffiin-Manson formula is employed in which frequency item is taken into account: 
In this low-cycle fatigue experiment, no maintaining process, it is only fatigue experiment, the change of loading rate is corresponding to the change of frequency, therefore, when revising the formula (4), loading rate ε is used to substitute for frequency item ν , so the fatigue life prediction formula of 30Cr1Mo1V steam turbine rotor steel is as the following:
In this formula, Fig.9 . Life prediction curves at different total strain ranges. Fig.9 is about the life prediction curves at different total strain ranges. It can be seen that the effect of loading rate on the fatigue life is less when the total strain is larger. The effect of loading rate increases with the narrowing of the total strain range. What's more, with the increase of loading rate, the effect of loading rate on life has a decrease tendency.
Conclusion
1 under the temperature 538 , both the rotor steel cycle strain and low-cycle fatigue life increase with the growth of loading rate; under the same strain, the greater the loading rate, the larger the corresponding stress amplitude; when the strain range value increases, the stress grows while the low-cycle fatigue life decreases;
(2) Considering the effect of loading rate, under the temperature 538 , the relation formula of 30Cr1Mo1V steam turbine rotor steel cyclic stress and strain is : 
